Deoxynucleoside triphosphates (dNTPs) are the building blocks of DNA and their biosynthesis are tightly regulated in the cell. HPLC-MS and enzyme-based methods are currently employed to determine dNTP concentrations from cellular extracts. Here, we describe a highly efficient, HIV-1 reverse transcriptase (RT)-based assay to quantitate dNTP concentrations. The assay is based on the ability of HIV-1 RT to function at very low dNTP concentrations, thus providing for the high sensitivity of detection.
Introduction
DNA polymerases use deoxynucleoside triphosphates (dNTPs) as substrates during DNA replication. dNTPs are generated by either the de novo pathway using ribonucleotide reductase, or by the deoxynucleoside salvage pathway. The functional activities of DNA polymerases are dependent on cellular dNTP concentrations, meaning that enzymes with high steady state K m and presteady state K d values (low dNTP binding affinity) require high dNTPs concentrations in order to function efficiently. In normal replicating cells, chromosomal DNA synthesis by DNA polymerase occurs during the S phase of cell division, when dNTP biosynthesis is most active and cellular dNTP concentrations are highest. For cancer cells and transformed cell lines, cellular dNTP concentrations are increased due to their uncontrolled cell division. In primary terminally differentiated, nondividing cells, such as macrophages or neurons, have very low dNTP concentrations due to their lack of robust dNTP biosynthesis. Measuring the cellular dNTP concentrations in these cell types requires a highly sensitive and reliable assay to accurately detect the small quantities of dNTPs present. Indeed, high performance liquid chromatograph-mass spectrometry (HLPC-MS) and polymerase-based dNTP assay have been developed to determine cellular dNTP concentrations, which will be described in this section. For HLPC-MS, a standard curve for each dNTP needs to be routinely generated to validate the assay and then be used to quantitate dNTP concentrations for samples. Although HPLC-MS is very accurate and quantitative, major drawbacks of the method are: 1) the requirement of enough biomass to detect dNTPs over background noise, 2) the time required for sample collection on the machine 3) matrix effect (contaminants may change the profile) and 4) time required for data analysis. Several polymerase-based dNTP assays have been developed using DNA polymerase I (Klenow fragment) (1), Taq DNA polymerase (2) or human immunodeficiency virus type 1 (HIV-1) reverse transcriptase (RT) (3) . The ability to detect very low concentrations of dNTPs will depend upon the K d for the particular enzyme used in a given assay. Klenow has a K d of 18 µM (4), whereas the K d of HIV-1 RT ranges between 2. Transfer 2 × 10 6 cells to a 1.5 ml eppendorf tube and close the top.
3.
Microcentrifuge the eppendorf tube at 2000 g for 15 seconds.
4.
Remove supernatant and wash cell pellet with 1 ml of PBS.
5.
Pellet cells by centrifugation the tube at 2000 g for 15 seconds.
6.
Carefully remove PBS and do not disrupt the cell pellet.
7.
The cells are lysed by quickly adding 200 µl of ice-cold 65% methanol to the tube.
8.
Vigorously vortex sample for 2 minutes.
9.
Completely lyse the cells by incubating the tube at 95 °C for 3 minutes. Make sure an eppendorf tube lid lock is securely in place to prevent the lid from opening during the 95 °C incubation. Do not use Parafilm M to seal the tube since it may melt at 95 °C.
10.
Chill the tube on ice for 1 minute to prevent burning your hands and loss of material due to lid opening.
11.
The tube is centrifuged for 3 minutes at 18000 g. Next, the 65% methanol solution is transferred to a new labeled tube. Discard the tube with the cell pellet in proper waste receptacle.
12.
Speed vacuum the tube until the liquid is completely evaporated. This processes usually takes 1 to 2 hours at 55 °C.
13.
Store the tube at −80 °C until you are ready to perform the HIV-1 RT-based dNTP assay (see Note 4).
B) Working with adherent cells

1.
Wash cell monolayer twice with PBS (see Note 5).
2.
Lyse the cells by quickly adding 200 µl of ice cold 65% methanol for a 6-well place. Larger volumes of methanol can be used for petri dishes, however try and keep the volumes under 1.5 ml to fit into an eppendorf tube.
3.
Use a cell scraper to remove cells from plate. Wash the 6-well by adding another 200 µl of ice cold 65% methanol in order to recover all the biomaterial. Place all the material into one tube. (Place the tubes on ice if processing multiple samples.)
4.
Follow steps 8-13 as indicated for the non-adherent cells protocol above.
Primer labeling
To determine the concentration of each dNTP, four separate primer-template combinations are needed. The template provides specificity by having one additional nucleotide (Section low dNTPs and even 5 million cells are just at the level of detection for this assay. Therefore, we recommend 2 × 10 6 cells/ml to provide enough biomaterial for dNTP analysis for most cell types. 4 Dried sample pellets can be stored indefinitely at −80 °C. 5 Cell count is required in order to calculate the concentration of dNTPs per cell. Always have an extra experimental well for adherent cells to do cell counts for each experimental group.
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Author Manuscript 2.2). Therefore, we 32 P-radiolabel the primer in four separate tubes and then add one of the four templates to the tube.
1.
In four 1.5 ml eppendorf tubes, combine 4 µl of 20 µM primer, 23 µl of water, 4 µl of 10× PNK buffer. This can be done at the bench. If only one of the four dNTPs will be evaluated, then only one tube with reaction components is needed.
2.
Next, move the tubes behind a beta shield. While wearing proper protective equipment open the radiation container and add 5 µl of gamma-[ 32 P] ATP to the first tube. Discard pipet tip in the solid radioactive waste. Move to the next tube and repeat until all the tubes have radiation added.
3. Add 2 µl of PNK enzyme to each tube. Change the pipet tip between tubes.
4.
Incubate the tubes in a heating block at 37°C for 30 minutes.
5.
Add an addition 2 µl of PNK enzyme to each tube. Remember to change the pipet tip between tubes and discarding the tips in the solid radioactive waste container. Incubate the tubes for another 30 minutes at 37 °C.
6.
Stop the PNK enzyme reaction by placing the tubes in a heating block set at 95 °C for 10 minutes.
7.
Removed tubes from the 95 °C heating block. Allow the tubes to cool to room temperature behind beat radiation shielding. Cooling usually takes about 5 minutes.
8.
Add 12 µl of 20 µM of template to the tube. Each tube with 32 P-labeled primer will have a different template added to it. Make sure to identify the template used and the date of 32 P-labeling on the tubes.
9.
Add 10 µl of 10× STE, 38 µl of water and 700 µl of 1× STE.
10.
To anneal the different primer/templates, place a lid lock on the tubes and then incubate tubes in a heating block set at 95 °C for 10 minutes.
11.
Remove the block from the heating apparatus. Allow the block with the tubes in it to cool to room temperature. This usually takes about 1 hour to cool down to room temperature.
12.
The different primer/templates are now ready to be used in the HIV-1 RT-based dNTP assay (see Note 6) . Place the tubes containing the 32 P-labeled primer/ templates in a beta radiation microcentrifuge tube rack. Store the radioisotope as per your institute radiation safety guidelines.
13.
Clear up your area using the Geiger counter to detect any radioactive contamination.
HIV-1 RT-based dNTP assay
1. If the sample tubes were stored at −80 °C (Section 3.1.), allow the tubes to equilibrate to room temperature for 5 minutes before adding 20 µl of RNase/DNase free water to each tube. Vortex the tube for 30 seconds to suspend the pellet. Next, microcentrifuge the tube for 1 minute at 18000 g to pellet cellular debris, dNTPs will be in solution. Small batches of tubes (1-20 tubes) can be kept at room temperature on the bench if the reactions are done that day, otherwise store them at −80 °C (see Note 4).
2.
Mark reaction tubes for samples, and include both positive and negative control tubes for each 32 P-labeled primer/template.
3.
Prepare reaction master mix. Calculate the appropriate volumes for each of the components below while have enough for two additional reactions. The reaction master mix for one sample volume is 5 µl of 4× RT reaction buffer, 1 µl of oligonucleotide dT, 6 µl of water and 2 µl of 32 P-radiolabeled primer/template. Remember to work behind protective shielding and be wearing proper protective equipment when handling the 32 P-radiolabeled primer/templates 4. Aliquot 14 µl of the reaction master mix into each of the marked tubes. Next, add 2 µl of the sample to the proper tube. The negative control tube has 2 µl of water added, while the positive control has 2 µl of 50 nM dNTPs added to it. The next set is to prepare for the enzymatic reaction. Set a timer for 5 minutes. To the first tube add 4 µl of HIV-1 RT enzyme (see Note 2) and place the tube at 37 °C. Discard the pipet tip in the solid radiation waste and then start the timer. Move to the second tube and allow a 5 second interval before adding the enzyme. Place the tube in the heating block. Repeat the process until all the sample reactions have enzyme added.
5.
At the end of five minutes, stop the reactions by adding 10 µl of stop buffer and then placing the tube in a heating block set at 95 °C. Stop the reaction in the order in which they were started. After 5 minutes, remove the tubes from the heating block and allow them to cool to room temperature behind proper shielding.
Samples are now ready to be resolved on a 14% urea-PAGE. Alternatively, reactions can be stored at 4 °C for several weeks in a beta radiation microcentrifuge tube rack, but remember the decay of the radioisotope is occurring and this will lead to longer imaging screen exposure times.
Urea-PAGE
1. Clean both the large and the small glass plates with ethanol for the apparatus. Treat the small plate with a thin layer of silicone-based rain repellent and assemble PAGE apparatus.
2.
Cast a 14% urea-PAGE. Volumes of Part A reagent and Part B diluent will depend on apparatus size. Refer to manufactures recommendations for total volume required. Wait 30 minutes for gel polymerization to occur.
3.
Remove the comb and place the glass plates into the gel apparatus. Add 1× TBE running buffer to the top and bottom reservoirs. Flush the wells out with running buffer using a 20 ml syringe with an 18-gauge needle. Then pre-warm the gel (100 watts) for 10 minutes. Next, flush the wells again with running buffer. Count the number of wells needed and position your samples in the middle of the gel. The first and last wells should contain 4 µl of stop reaction buffer, with 4 µl of the samples loaded in between. Run the urea-PAGE until the bromophenol blue dye runs into the lower reservoir (15 inches from the bottom of the comb well), to provide enough separation between the primer and the primer +1 product (extended product).
4.
Carefully disassemble the apparatus to remove the glass plates. Use a plastic wedge to separate the two plates, being careful to keep the gel intact on one plate (usually the large, non-silicone-based treated plate). The plate should be on the counter top with the gel on top. To remove the gel from the glass plate, cover the gel with seal wrap and fold over the edges back onto the seal wrap. Turn the plate over and using the plastic wedge carefully, remove the gel from the plate, which should be sticking to the plastic wrap.
5.
Detect where the radiation is using a hand-held Geiger counter. Cut a piece of Whatman paper length-wise so it is longer than the first and last stop dyes and about 3 inches wide. One can use the xylene cyanol dye as a reference point in order help position the Whatman paper. Press the Whatman paper on the gel. Use scissors to cut the edge of the Whatman paper, removing the remaining nonradioactive gel to be discarded in the dry radioactive waste container. Dry the gel using a vacuum gel dryer for at least 45 minutes. A very large gel can take up to 3 hours to dry.
6.
Clean up area by discarding the remaining gel in the solid radioactive waste and the running buffer in the liquid radioactive waste. Clean the PAGE apparatus with water and allow it to air-dry.
PhosphoImaging and Data Analysis
1.
After the gel has dried onto the Whatman paper, expose a phosphorimaging screen. The duration of time for exposure will be dependent on the amount of radioactivity. When using freshly 32 P-labeled primer/template, screen exposure time will be for 1-2 hours to prevent oversaturation. Capture the data using phosphorimager instrument. We use the program software to ensure that the screen is not oversaturated; otherwise a shorter exposure is required. Figure 1 shows a typical gel.
2.
Data analysis for dNTPs is done using the vendor's software. As depicted in Figure  1 , a rectangle is set and then applied to the negative control Primer +1. This accounts for the amount of background noise. Apply this same rectangle to Primer and Primer +1 bands for the samples. The densities allow for determining the amount of extension over the total amount of primer in that lane. Table 1 shows how the dNTP concentrations are calculated. As shown in Table 1 , a box is set in the negative control Primer +1 region, which is used for an internal blank to be subtracted from all the samples (Table 1 , Column D). The amount of extension is calculated by Primer +1/ (Primer +1 and Primer) (Column E). This is converted to a percentage (Column F). Values below 2% are below the linear range of the assay and need to be discarded. Extensions over 36% require additional dilution of that sample (3) (see Note 7) . Column G is the amount of volume the sample was suspended in, which is typically 20 µl. Column H is the determined cell number at the time of dNTP harvesting. The fmol/reaction is calculated using the following formula: ((200 fmol of Primer × % Extension × Volume Suspended cell pellet × Dilution)/(Volume added to the reaction)) and displayed in Column K. The fmol/ Cell Number is then calculated by dividing the fmol/Rxn by the cell count (Column L). If the cell volume is known then the molar concentration can be determined as depicted in Column M. The cell volumes for macrophage, resting CD4 + T cells and activated CD4 + T cells are 2660, 186, and 320 µm 3 , respectively (3). For dendritic cells (6) and HeLa cells (7) the cell volumes are 1000 and 2600 µm 3 , respectively (see Note 8).
Figure 1. HIV RT-based dNTP urea-PAGE analysis
Sample reactions were resolved on a 14% urea-PAGE. Imaging Screen K (BioRad) was exposed to the dried gel. The image data were captured using PharosFX Plus Molecular Imager (BioRad). Data analysis was accomplished by using QuantityOne software (BioRad Table 1 Calculating dNTP concentrations 
